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Abstract 

Nano-sized  Ti02  powders  were  prepared  by  a  hydrothermal  synthetic  method  for  use  as  anode  materials  in  lithium  secondary  batteries.  The 
prepared  Ti02  samples  were  characterized  by  X-ray  diffraction  (XRD),  Brunauer-Emmett-Teller  (BET)  analysis,  transmission  electron  microscopy 
(TEM),  and  electrochemical  tests.  Ti02  nanoparticles  were  obtained  at  sintering  temperatures  between  200  and  600  °C.  Calcination  of  the  powders 
at  500  °C  results  in  the  formation  of  Ti02  nano-sized  particles  of  22  nm  in  crystal  size.  These  deliver  a  reversible  discharge  capacity  of  over 
170  mAh  g_1  between  1.5  and  3.0  V  with  excellent  capacity  retention  over  95%  after  100  cycles.  It  is  speculated  that  the  nano-sized  Ti02  powders 
are  effective  candidates  for  lithium  secondary  anode  materials. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Lithium-ion  batteries  have  emerged  as  power  sources  for 
modern  electronics  because  they  have  the  highest  specific  energy 
among  all  types  of  rechargeable  battery  and  have  no  memory 
effect.  Present  commercial  lithium-ion  batteries  use  LiCo02  or 
LiMn204  as  positive-electrode  (cathode)  materials,  and  graphite 
or  carbonaceous  materials  as  negative-electrode  (anode)  materi¬ 
als  [1].  The  graphite  electrode  does,  however,  have  some  disad¬ 
vantages  such  as  an  initial  capacity  loss  structural  deformation 
and  electrical  disconnection  [2] .  In  order  to  avoid  these  draw¬ 
backs,  another  class  of  materials,  namely,  transition  metal  oxides 
such  as  WO3,  M0O3,  and  TiC>2,  has  been  evaluated  [3-5].  Tita¬ 
nium  oxide  has  been  found  to  be  a  good  candidate  as  a  lithium- 
ion  host,  since  it  has  a  high  capacity  material  with  low  cost  and 
no  toxicity.  The  Li  uptake  has  been  found  to  be  0.5  in  anatase, 
whereas  only  a  weak  intercalation  of  Li  has  been  detectable 
for  rutile  cells.  Stashans  et  al.  [6]  reported  lithium  insertion 
into  anatase  and  rutile  by  quantum  chemical  Hartree-Fock  cal¬ 
culations.  The  results  predicted  a  higher  possibility  of  lithium 
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intercalation  in  the  anatase  structure  than  that  in  the  rutile  coun¬ 
terpart.  Natarajan  et  al.  [3]  and  Huang  et  al.  [5]  examined 
nano- sized  TiC>2  but  their  materials  gave  Ti02  materials  small 
reversible  capacities,  namely,  50  and  140  mAh  g-1 ,  respectively. 
A  number  of  preparation  methods  have  been  reported  [7-1 1]  for 
nanostructured  TiC>2,  such  as  treating  TiC>2  powders  in  NaOH 
solution,  and  using  porous  alumina  as  a  template  to  obtain  TiC>2 
nanoribbons,  nanowires,  and  nanotubes. 

In  this  paper,  nanocrystalline  TiC>2  powders  was  obtained  by 
hydrothermal  treatment  at  120  °C.  The  product  has  a  nanocrys- 
tallized  anatase  structure.  In  order  to  synthesize  the  nano- sized 
TiC>2  with  high  quality,  synthetic  variable  of  the  post  calcination 
temperature  was  studied. 

2.  Experimental 

Nano-sized  TiC>2  powders  were  prepared  as  follows:  1 10  g 
of  2-butoxy  ethanol  (Sigma- Aldrich,  USA),  1 1 .345  g  of  titanium 
butoxide  (Sigma- Aldrich,  USA),  and  16  g  of  acetic  acid  (Junsei, 
Japan)  were  used  as  starting  materials.  The  materials  were  put 
in  a  stainless- steel  autoclave  with  an  inner  volume  of  500  cm3. 
After  sealing,  the  solution  was  stirred  magnetically  at  350  rpm 
and  the  autoclave  was  heated  to  120  °C  and  kept  at  this  temper- 
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ature  for  2.0  h.  After  the  hydrothermal  treatment,  the  autoclave 
was  cooled  naturally  to  room  temperature  and  the  resulting  solu¬ 
tion  was  separated  by  centrifugation.  The  prepared  powders 
were  then  post-calcined  to  200  <  T  <  600  °C  at  a  heating  rate 
of  1  °Cmin-1. 

The  thermal  decomposition  behaviour  of  the  precursor  was 
examined  by  thermo-gravimetric  analysis  using  a  Pyris  6  thermal 
analyzer  (TGA,  Perkin-Elmer,  USA).  Powder  X-ray  diffraction 
(XRD,  Rint-2000,  Rigaku,  Japan)  analysis  using  Cu  Ka  radia¬ 
tion  was  employed  to  identify  the  crystalline  phase  of  the  syn¬ 
thesized  material.  The  particle  morphologies  of  the  as-prepared 
and  calcined  powders  were  examined  by  means  of  a  transmis¬ 
sion  electron  microscope  (TEM,  JEOL  2010,  Japan).  Galvano- 
static  charge-discharge  cycling  was  performed  in  a  2032-type 
coin  type  cell  (Hohsen  Co.  Ltd.,  Japan).  For  fabrication  of  the 
working  electrode,  Ti02  powder  was  mixed  with  super-P  car¬ 
bon  black  as  a  conductive  agent  and  polyvinylidene  fluoride 
(PVDF)  as  a  binder  in  a  mass  ratio  of  80:10:10.  The  Ti02  and 
super-P  carbon  black  were  first  added  to  a  solution  of  PVDF  in 
V-methyl-2-pyrrolidone  (NMP)  to  make  a  slurry  with  the  appro¬ 
priate  viscosity.  The  slurry  was  then  cast  on  to  copper  foil  and 
dried  at  1 10  °C  overnight  under  vacuum.  Lithium  foil  was  used 
as  the  counter  electrode.  The  electrolyte  solution  was  1  M  LiPF6 
in  a  mixture  of  ethylene  carbonate  (EC)  and  diethyl  carbonate 
(DEC)  in  a  1:1  volume  ratio  (CHEIL  Industries  Inc.,  Korea). 
The  cell  was  assembled  in  an  argon-filled  dry  box  and  tested  at 
room  temperature  (30  °C).  The  cell  was  charged  and  discharged 
at  a  current  density  of  0.4  mA  cm-2  with  cut-off  voltages  of  1 .5 
and  3.0  V  (versus  Li/Li+). 

3.  Results  and  discussion 

Thermo-gravimetric  analysis  (TGA)  data  and  differential 
temperature  analysis  (DTA)  profiles  of  the  obtained  UO2  pre¬ 
cursor  are  given  in  Fig.  1.  The  total  weight  loss  value  is  about 
20%  and  terminates  over  400  °C.  The  first  regions  of  weight  loss 
appear  below  120  °C,  which  are  due  to  the  removal  of  adsorbed 
water.  The  second  step  of  weight  loss  lies  between  170  and 


285  °C  which  is  attributed  to  the  expulsion  of  organics  that  are 
trapped  inside  the  pores,  and  also  to  the  removal  of  chemisorbed 
water.  The  final  step  of  weight  loss,  between  320  and  420  °C, 
may  be  due  to  the  removal  of  structural  hydroxyls.  This  will 
increase  the  number  of  bridging  oxygens  and  thus  the  mono¬ 
lithic  nature  of  the  gel  matrix  [12].  Therefore,  it  is  expected 
that  pure  UO2  particles  can  be  obtained  after  calcination  above 
400  °C. 

The  precursor  powders  were  post-calcined  at  various  temper¬ 
atures  for  5  h  in  air.  The  resulting  XRD  patterns  are  shown  in 
Fig.  2.  The  structure  of  anatase  UO2  has  the  tetragonal  space 
group  IAHamd  with  Ti4+  ions  (octahedral  sites)  at  positions  4(a) 
and  O2-  ions  at  positions  8(e).  The  octahedral  sites  at  the  4(b) 
positions  are  vacant  with  respect  to  cations,  and  may  accommo- 

Q  ,  o 

date  cations  with  almost  the  same  ionic  radii  as  TP+  (0.67  A)  and 
Ti4+  (0.61  A)  [13].  All  peaks  can  be  indexed  to  anatase  TiC>2, 
and  are  in  good  agreement  with  the  standard  spectrum  (JCPDS 
no.:  21-1272).  On  increasing  the  heat-treatment  temperature  to 
more  than  600  °C,  peaks  for  both  the  anatase  and  rutile  phases  are 
detected.  In  addition,  the  full- width  half-maximum  (FWHM)  of 
each  of  the  peaks  become  smaller  with  increase  in  calcinations 
temperature,  which  is  due  mainly  to  an  increase  in  crystallinity 
and  crystallite  sizes.  The  crystallite  size  of  the  particles  is  cal¬ 
culated  by  applying  the  FWHM  values  of  the  (101)  main  peaks 
in  Fig.  2  to  Scherrer’s  equation  (Eq.  (1)),  i.e.: 

K*X 

Dc  =  -  (1) 

0\/2  COS0B 

where  K  is  a  constant  (ca.  0.9),  A  the  X-ray  wavelength 

o 

(1.5418  A),  0b  the  Bragg  angle,  and  0 1/2  the  pure  diffraction 
broadening  of  a  peak  at  half-height,  that  is,  broadening  due  only 
to  the  crystallite  dimensions.  The  variation  of  the  crystal  size 
( Dc )  of  TiC>2  nanoparticles  at  different  temperatures  is  given  in 
Table  1 .  The  data  show  that  there  is  an  increase  in  crystalline  size 
with  increase  in  post-calcination  temperature.  The  larger  grain 
size  may  be  caused  by  growth  of  crystals.  With  increasing  cal¬ 
cination  temperature,  the  BET  specific  surface  area  (Table  1)  of 


Fig.  1 .  (a)  Thermo-gravimetric  analysis  (TGA)  and  (b)  differential  thermal  anal¬ 
ysis  (DTA)  of  TiC>2  powder. 


Fig.  2.  X-ray  diffraction  patterns  (XRD)  for  TiC>2  powders  calcined  at:  (a) 
200  °C,  (b)  300  °C,  (c)  400  °C,  (d)  500  °C,  (e)  600  °C  and  (f)  700  °C. 
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Table  1 

Crystallite  size  and  specific  surface-area  of  TiC>2  powders  prepared  at  various 
calcination  temperatures 


Temperature  (°C) 

Crystallite  size  (nm) 

BET  specific  surface 
area  (m2  g-1) 

200 

11.2 

274.6 

300 

12.5 

195.4 

400 

15.2 

117.2 

500 

22.4 

60.3 

600 

41.1 

7.25 

the  samples  decrease.  Again,  this  is  due  to  the  increase  in  grain 
size  and  particle  growth  during  high-temperature  calcination. 

Transmission  electron  micrographs  of  TiC>2  powder  prepared 
at  500  °C  are  presented  in  Fig.  3.  The  nanocrystalline  powders 
are  well  dispersed  although  some  agglomeration  has  occurred. 
It  can  be  seen  that  TiC>2  crystals  are  uniform  grains  with  an 
average  particle  size  of  about  20  nm,  which  is  consistent  with  that 
calculated  from  the  XRD  data  in  Fig.  2(d).  The  diffraction  ring 
patterns  clearly  show  that  the  samples  have  the  characteristics 
of  nanocrystalline  TiC>2. 

The  variation  in  the  lattice  constant  of  the  as-prepared  TiC>2 
powders  fired  at  various  temperatures  is  shown  in  Fig.  4.  The  lat¬ 
tice  constants  were  calculated  by  the  least-squares  method  using 
the  XRD  data  given  in  Fig.  2.  With  increasing  the  post-calcined 
temperature,  the  lattice  constant,  a  decreases  from  3.822(6) 

o 

to  3.789(5)  A  and  the  constant  c  increases  from  9.847(8)  to 
9.533(4)  A. 


•t 


Fig.  3.  Transmission  electron  micrograph  of  TiC>2  powder  calcined  at  500  °C; 
inset  figure  is  ring  pattern. 


Fig.  4.  (a)  Lattice  constants  a  and  (b)  lattice  constant  c  of  TiC>2  powders  calcined 
at  various  temperatures. 

Charge-discharge  curves  of  the  TiC>2  electrodes  are  pre¬ 
sented  in  Fig.  5.  The  electrochemical  cycling  was  performed 
over  a  voltage  range  of  1 .5-3.0  V  at  a  constant  current  density 
of  0.4  mA  cm-2  versus  a  Li  counter  electrode.  There  are  distinct 
potential  plateau  at/near  1.75  and  1.88  V  for  discharging  (inser¬ 
tion  of  lithium)  and  charging  (extraction  of  lithium),  respec¬ 
tively.  These  are  consistent  with  the  presence  of  predominantly 
anatase  as  the  starting  material  [5,6].  As  cycling  continues,  how¬ 
ever,  the  polarization  (Vch  —  Vdis)  of  the  500  °C  samples  become 
smaller  than  that  of  the  others.  This  is  attributed  to  a  crystallinity 
of  the  materials.  The  voltage  profile  of  the  300  °C  sample  dis¬ 
plays  a  change  at  the  end  of  discharge  on  the  100th  cycle.  Since 
the  plateau  are  related  to  a  transition  between  the  tetragonal 
and  orthorhombic  phases  with  Li-intercalation  into  anatase  TiC>2 
[14],  the  appearance  of  the  plateau  again  continues  the  forma¬ 
tion  of  anatase  TiC>2.  Therefore,  the  electrochemical  behaviour 
is  assigned  to  the  insertion/extraction  of  Li  to/from  the  anatase 
lattice,  i.e., 

Ti02 +x(Li+ +e~)  — »•  LixTi02  (2) 

The  insertion  of  one  Li  per  TiC>2  unit  corresponds  to  a  theoretical 
specific  capacity  of  335mAhg_1.  The  insertion  coefficient,  v, 
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(a)  Specific  capacity  /  in  Ah  g  *' 


0  50  100  150  200 


(b)  Specific  capacity /mAh  g‘ 

Fig.  5.  Charge-discharge  profiles  of  Li/Ti02  cells  cycled  between  1.5  and  3.0  V 
at  constant  current  density  of  0.4mA cm-2:  (a)  1st  cycle;  (b)  100th  cycle. 

in  anatase  is  usually  close  to  0.5  [15].  The  500  °C  sample  yields 
a  specific  capacity  on  the  first  discharge  of  1 80  mAh  g_  1 .  The 
performance  falls  to  171  mAh  g-1.  On  the  second  cycle,  i.e., 
capacity  loss  of  5%.  There  is,  however,  no  appreciable  change  in 
the  voltage  profiles  even  after  100  cycles.  This  behaviour  implies 
that  no  observable  structural  degradation  of  the  nano-sized  Ti02 
takes  place  during  the  lithium  extraction/insertion  process. 

Discharge  capacity  versus  cycle  number  plots  at  different 
post-calcination  temperatures  are  given  in  Fig.  6.  The  data  shows 
a  marked  capacity  fading  for  the  low-temperature  samples.  By 
contrast,  the  high-temperature  samples  suffer  no  capacity  loss, 
even  after  100  cycles.  Poizot  et  al.  [16]  studied  metal  oxide 
systems  and  found  that  there  is  an  optimum  particle  size  for 
producing  the  best  division  of  the  metal  particles  and  hence  the 
best  electrochemical  properties.  The  work  reported  here  shows 
that  the  electrochemical  properties  of  TiC>2  as  an  anode  mate¬ 
rial  for  lithium-ion  batteries  are  sensitive  to  the  particle  size. 
Fig.  6  represents  the  particle  size  effect  on  the  capacity  reten¬ 
tion.  Despite  the  very  small  particle  size  (approximately  12  nm), 
the  electrochemical  reversibility  of  the  low-temperature  sam¬ 
ples  is  very  poor.  This  is  attributed  to  instability  of  the  crystal 
structure  due  to  low  crystallinity.  By  contrast,  samples  prepared 
over  500  °C  exhibit  good  cycle  retention,  namely,  almost  95% 
discharge  capacity  retention,  from  the  2nd  to  the  100th  cycle. 
This  performance  is  attributed  to  the  pure  TiC>2  powders  that  are 


Fig.  6.  Discharge  capacity  vs.  cycle  number  at  room  temperature  as  a  function 
of  different  sintering  temperatures  at  a  current  density  of  0.4mAcm~2. 

obtained  at  a  500  °C  calcination  temperature,  as  confirmed  by 
thermo-gravimetric  analysis. 

Differential  capacity  versus  potential  curves  for  the  1st  and 
100th  cycle  of  the  TiC>2  electrodes  are  given  in  Fig.  7.  The 


Fig.  7.  Differential  capacity  vs.  voltage  for  Li/Ti02  cells:  (a)  1st  cycle;  (b)  100th 
cycle. 
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Ti02  electrodes  show  one  set  of  reduction  and  oxidation  peaks 
in  the  potential  range  of  1. 5-3.0  V  versus  Li/Li+.  During  the 
first  discharge,  a  solid  electrolyte  interface  (SEI)  layer  appears 
around  the  initial  Ti02  particles,  and  this  will  lead  to  an  irre¬ 
versible  capacity  loss.  On  the  first  cycle,  a  broad  anodic  peak  is 
observed  at  about  1.87  V  on  charge  and  a  sharp  cathodic  peak  is 
located  at  1.71V  on  discharge.  These  two  peaks  suggest  a  one- 
step  reversible  electrochemical  oxidation  and  reduction  of  Ti02 
with  lithium  in  the  electrode.  The  500  °C  samples  do  not  display 
any  difference,  even  on  the  100th  cycle,  as  shown  in  Fig.  7(b). 
This  behaviour  implies  that  no  observable  structural  degradation 
takes  place  during  the  lithium  extraction/insertion  process. 

4.  Conclusion 

A  nano-sized  TiC>2  powders  has  been  successfully  synthe¬ 
sized  by  hydrothermal  method.  The  XRD  patterns  indicate  that 
the  powders  possess  the  tetragonal  space  group  lAHamd  of  Ti02 
and  TEM  results  of  powders  calcined  at  500  °C  show  that  the  par¬ 
ticles  are  uniform  grains  with  an  average  size  of  approximately 
20  nm.  The  Ti02  powders  post-calcined  at  500  °C  powders  has 
a  reversible  capacity  of  170  mAh  g-1  with  capacity  retention  of 
95%  after  100  cycles. 
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